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Prophase Destruction of Emi1 by the SCFTrCP/Slimb
Ubiquitin Ligase Activates the Anaphase Promoting
Complex to Allow Progression beyond Prometaphase
the APC directs progression through and exit from mito-
sis by catalyzing the ubiquitination and timely destruc-
tion of mitotic regulators including cyclin A, cyclin B,
the chromosome cohesion regulator securin, and many
of the mitotic regulatory kinases. Specifically, destruc-
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tion of cyclin A early in prometaphase is tightly linked to3 Programs in Chemical Biology and Biophysics
chromosome congression (den Elzen and Pines, 2001),Stanford University School of Medicine
destruction of the anaphase inhibitor securin is required300 Pasteur Drive
for chromosome disjunction and the progression to ana-Stanford, California 94305
phase (Cohen-Fix et al., 1996), and destruction of cyclin
B is required for mitotic exit (Murray et al., 1989). How
is it that specific APC substrates are not destroyed inSummary
S and G2 and yet are sequentially destroyed in M phase
to coordinate specific mitotic events?Progression through mitosis occurs because cyclin
Surveillance mechanisms or checkpoints that restrictB/Cdc2 activation induces the anaphase promoting
specific mitotic events until the completion of earliercomplex (APC) to cause cyclin B destruction and mi-
events contribute to the timing of APC substrate de-totic exit. To ensure that cyclin B/Cdc2 does not pre-
struction. In the best-known example, the spindle as-maturely activate the APC in early mitosis, there must
sembly checkpoint (Hoyt et al., 1991; Li and Murray,be a mechanism delaying APC activation. Emi1 is a
1991) restrains the activation of securin destruction toprotein capable of inhibiting the APC in S and G2. We
delay chromosome separation at anaphase (Cohen-Fixshow here that Emi1 is phosphorylated by Cdc2, and
et al., 1996) until all chromosomes have established aon a DSGxxS consensus site, is subsequently recog-
bipolar attachment to the mitotic spindle and congressnized by the SCFTrCP/Slimb ubiquitin ligase and destroyed,
to the midline. In the case of the spindle assemblythus providing a delay for APC activation. Failure of
checkpoint, the dynamic assembly of a series of factorsTrCP-dependent Emi1 destruction stabilizes APC
(including Mad1, Mad2, Bub1, and BubR1) that bind andsubstrates and results in mitotic catastrophe including
inactivate Cdc20 (Fang et al., 1998; Tang et al., 2001)centrosome overduplication, potentially explaining
delays securin destruction in either normal prometa-mitotic deficiencies in Drosophila Slimb/TrCP mu-
phase (Geley et al., 2001) or when the spindle is dis-tants. We hypothesize that Emi1 destruction relieves
rupted by microtubule depolymerizing agents (Yu, 2002).a late prophase checkpoint for APC activation.
Recent evidence shows that the protein Emi1 (Rei-
mann et al., 2001a) inhibits APCCdc20 activity in interphaseIntroduction
in the Xenopus embryo to prevent destruction of mitotic
cyclins. Emi1 can inhibit the APC by blocking the abilityTo successfully initiate mitosis and bipolar spindle as-
of the Cdc20 substrate adaptor to bind to its substratessembly, cells must coordinate the maturation of spindle
(Reimann et al., 2001b), although additional mechanismspoles with condensation of the chromosomes, nuclear
are possible. Emi1 can also regulate the APCCdh1 com-envelope breakdown, and prometaphase movements
plex in somatic cells to cause the stabilization of S phaseof condensed chromosomes on the assembling mitotic
regulators including cyclin A at the G1-S transition (Hsuspindle. As the spindle matures, congression of chromo-
et al., 2002; Reimann et al., 2001b). A similar mechanism
somes to the midzone at metaphase triggers chromo-
for stabilizing cyclin A by the Emi1 homolog Rca1 has
some segregation, anaphase movements, and ulti-
been demonstrated in Drosophila (Grosskortenhaus and
mately cytokinesis. The timing of these complex events Sprenger, 2002). By inhibiting Cdh1 and Cdc20, Emi1
requires the sequential activation of cyclin-dependent defines an interval of cyclin stability and APC inactivity
kinases (Cdks) by cyclin A and cyclin B (Minshull et al., from late G1 to early mitosis (Hsu et al., 2002). At the
1990), as well as activation of other mitotic regulatory beginning of this interval, Emi1 is upregulated in re-
kinases including members of the Aurora, Polo, and sponse to the E2F transcription factor (Hsu et al., 2002).
NimA-related (Nek) kinase families. Cyclin B/Cdc2 also At the end of this interval, the Emi1 protein is ubiquiti-
activates a critical E3 ubiquitin ligase, the anaphase nated and destroyed (Reimann et al., 2001a) close to
promoting complex/cyclosome or APC (Irniger et al., the time when cyclin A is destroyed (Hsu et al., 2002).
1995; King et al., 1995; Lahav-Baratz et al., 1995; Tugen- The ubiquitination enzymes required for Emi1 destruc-
dreich et al., 1995; reviewed in Harper et al., 2002; Pe- tion have not been identified, although destruction re-
ters, 2002). The APC directs the assembly of multiubiqui- quires Cdc2 and not the APC (Reimann et al., 2001a,
tin chains on specific substrates and their subsequent 2001b). These earlier studies suggest that Emi1 may
degradation by the 26S proteasome. The APC selects provide an early checkpoint or timing mechanism in
substrates by using the Cdc20 or Cdh1 adaptor proteins mitosis controlling APC activation, and that inactivating
to recognize specific sequences called “destruction Emi1—potentially by destruction—is critical for progres-
boxes” within target proteins like cyclin B. When active, sion through early mitosis.
Here we show that Emi1 destruction and APC activa-
tion in early mitosis require the activity of an SCF E3*Correspondence: pjackson@stanford.edu
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ubiquitin ligase containing the substrate adaptor protein destruction of the N4 fragment that lacks the KEN box
TrCP (also called Slimb in Drosophila). The SCFTrCP (Figure 1B), mutation of the KEN box in full-length hEmi1
complex is required for ubiquitin-dependent destruction (hEmi1-KE/AA) did not affect hEmi1 destruction (Figures
of the transcriptional activator and positive growth regu- 1D and 1E). Overall, the TrCP recognition motif is abso-
lator/oncogene -catenin (Hart et al., 1999; Winston et lutely required for Emi1 destruction in mitosis, but mi-
al., 1999) and the transcriptional regulator IB (Yaron et totic Cdk phosphorylation of Emi1 plays a strong regula-
al., 1998). We find that both Emi1 phosphorylation by tory role.
cyclin/Cdc2 and phosphorylation on a consensus site
(DSGxxS) direct recruitment of TrCP and subsequent Emi1 Destruction Requires the SCFTrCP Ligase
Emi1 ubiquitination and destruction. Emi1 destruction If Emi1 destruction is the external trigger for APC activa-
precedes the destruction of cyclin A by 10 min, close tion, Emi1 destruction itself must occur by an APC-
to the time of nuclear envelope breakdown. We show independent mechanism and be activated by a mitosis-
that Emi1 destruction is critical for mitotic progression specific pathway. Indeed, we found that destruction of
and that failure to destroy Emi1 causes a strong stabili- hEmi1 does not require the APC, which we previously
zation of APC substrates, leading to a prolonged pro- found for the Xenopus protein (data not shown; Reimann
metaphase and eventually to mitotic catastrophe. et al., 2001a, 2001b). The requirements for the potential
TrCP motif in hEmi1 destruction highlighted the fact
Results that Emi1 could be the target of F box proteins, which
frequently recognize phosphorylated substrates.
Human Emi1 Destruction Requires the TrCP We tested a panel of F box proteins for their interaction
Recognition Motif and Is Regulated with hEmi1. Only two of the F box proteins tested, TrCP1
by Cdk Phosphorylation and TrCP2, bound to hEmi1 in mitotic extracts (Mit),
To identify the biochemical requirements for hEmi1 de- but not in interphase extracts (Inter; Figure 2A). Mutation
struction, we reconstituted hEmi1 degradation in mitotic of both serines S145N/S149N (5/9) or only one serine
Xenopus extracts. In this system, the human protein S145 (5) or S149 (9) in the DSGxxS motif was sufficient
was destroyed with kinetics (data not shown) and bio- to impair the interaction between TrCP and Emi1 (Fig-
chemical properties (see below) similar to its Xenopus ure 2B, compare lanes 2 to 1, and 11 and 12 to 10).
homolog (Reimann et al., 2001a). We successively re- Emi1-TrCP interaction required the addition of mitotic
moved from the N terminus of hEmi1 a first cyclin- extract because no binding was observed without ex-
dependent kinase (Cdk) phosphorylation site (N1), a sec- tract (lanes 7–9) or with interphase extracts (lanes 4–6),
ond Cdk site (N2), two additional Cdk sites and a KEN consistent with the selective recognition of Emi1 by
box, found in APCCdh1 substrates (N4), and finally a con-
TrCP in mitosis. Mutation of the Cdk sites (Figure 2B,
served DSGxxS motif, which is typically recognized by lane P) also reduced the binding efficiency between
the TrCP protein (N5) (Figure 1A). A remaining Cdk site Emi1 and TrCP to 30% (Figure 2B, lane 13). The
was present in the N5 fragment. In vitro translated (IVT) reduced binding of the Cdk mutant correlates with the
wild-type or mutant Emi1 proteins were incubated in reduced rate of degradation displayed by this mutant
Xenopus egg extracts arrested in mitosis by addition
(Figures 1D and 1E). These results support the hypothe-
of nondestructible cyclin B (90; Figure 1B). Similar to
sis that phosphorylation of hEmi1 by mitotic kinases,
xEmi1, the N terminus of hEmi1 was unstable, whereas
including cyclin/Cdc2 kinases, is a prerequisite for Emi1the C terminus was stable (Figures 1B and 1C). The
interaction with the TrCP protein.hEmi1-truncated proteins N1, N2, and N4 were de-
We further investigated the TrCP-Emi1 interaction instroyed rapidly, whereas N5, which has lost the DSGxxS
mammalian cells using nocodazole to synchronize cellsmotif, was strongly stabilized. Because this motif was
at the time of Emi1 destruction. In HeLa cells blocked inabsent from the stable N5 fragment, we mutated each
early mitosis with nocodazole, hEmi1 levels are reduced,of the two serines in the DSGxxS motif and constructed
consistent with the normal timing of Emi1 destruction,the double mutant in full-length Emi1 (Figure 1D). Both
whereas cyclin B is stabilized because the spindle as-serines in the DSGxxS motifs of TrCP substrates are
sembly checkpoint is activated. We transfected Myc-critical for TrCP binding and for subsequent degrada-
tagged wild-type Emi1 into nocodazole-treated 293Ttion of substrates (Hart et al., 1999; Margottin et al.,
cells and HA-tagged TrCP (Figure 2C). Of the two forms1998; Winston et al., 1999; Yaron et al., 1998). The single
of hEmi1 (Figure 2C, lanes 1 and 2), only the lower mobil-point mutants S145N and S149N and the double mutant
ity species coimmunoprecipitated with TrCP (lane 3),S145N/S149N were each stable in Xenopus mitotic ex-
consistent with our hypothesis that the F box proteintracts (Figures 1D and 1E), consistent with the require-
recognizes a phosphorylated form of Emi1. We thenment for both serines in the DSGxxS motif seen in other
transfected Myc-tagged wild-type TrCP or a dominant-TrCP targets. Mutation of the first serine in the DSGxxS
negative variant, TrCPF, and looked for interactionmotif in the Xenopus Emi1 protein (S95N) also stabilized
with the endogenous Emi1 protein (Figure 2D). Thethat protein (data not shown). Because mutations of the
TrCPF lacks the F box domain, which couples TrCPCdk consensus phosphorylation sites in Xenopus Emi1
to the SCF complex, and functions as a dominant-nega-stabilized the protein, we mutated the corresponding
tive inhibitor of destruction (Margottin et al., 1998; Win-Cdk sites in the human protein (hEmi1-5P). We found
ston et al., 1999). Efficient coimmunoprecipitation ofthat the modified protein reproducibly (n  4) showed
hEmi1 with TrCP was seen only in cells treated withan intermediate level of stabilization, consistent with
nocodazole and even more prominently with TrCPF,Cdk phosphorylation regulating the essential require-
ment for the DSGxxS site. As expected from the rapid the F box-deleted protein, which binds substrates but
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Figure 1. hEmi1 Destruction in Mitosis Requires Both Cdk Phosphorylation Sites and the TrCP Recognition Motif
(A) Human Emi1 protein schematic, key features, and variant proteins. hEmi1: wild-type human Emi1; N terminus (NT): amino acids 1–244; N1
to N5: N-terminal deletions in the N terminus fragment; C terminus (CT): amino acids 299–447. The KEN box, the TrCP recognition motif
(DSGxxS), the F box, the zinc binding region (ZBR), and the Cdk sites, SP or TP, are indicated.
(B and C) Mapping an Emi1 destruction signal. 35S-labeled Emi1 or Emi1 fragments were added to mitotic 90 extracts from Xenopus eggs.
Aliquots were removed at indicated times, and resolved by SDS-PAGE and autoradiography.
(C) The gel shown in (B) was quantitated by phosphoimager.
(D and E) Mutation of S145 or S149 in the TrCP recognition motif or the potential Cdk sites, but not the KEN box, stabilizes Emi1. 35S-labeled
Emi1 or mutants were added to mitotic extracts and assayed for stability as in (B) and (C).
blocks substrate degradation (Figure 2D, top panel, protein. Disappearance of HA-Emi1 is observed in the
presence of TrCP (Figure 3B, lane 2) and accumulationlanes 5 and 6).
We further assessed whether TrCP was required for in the presence of TrCPF (Figure 3B, lane 3).
If TrCP binding to the DSGxxS phosphorylation sitethe loss of hEmi1 protein in nocodazole-arrested cells.
Expression of TrCPF promotes Emi1 accumulation is involved in the control of hEmi1 levels in mitosis as
suggested by our binding experiments, we would expectin transfected (GFP) cells (Figure 3A, middle panel,
compare lanes 4 and 5 to 1), whereas expression of the the hEmi1-S145N/S149N mutant to be stabilized in mi-
totic cells compared to wild-type hEmi1. Stabilizationwild-type TrCP protein reduced Emi1 levels (Figure 3A,
lanes 2 and 3). As a control, Emi1 levels did not change in of hEmi1-S145N/S149N relative to wild-type was indeed
observed in nocodazole-treated cells (Figure 3C, com-nontransfected (GFP) cells (Figure 3A, bottom panel).
Effects of TrCP or TrCPF on cotransfected HA- pare lane 6 to 5), but not in asynchronous cells (compare
lane 3 to 2). Similarly, stabilization of endogenous Emi1tagged Emi1 were similar to those seen for endogenous
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Figure 2. hEmi1 Specifically Binds the
SCFTrCP Complex
(A) TrCP and TrCP2, but not other F box
proteins, bind to hEmi1 in a mitosis-specific
fashion. Unlabeled IVT Myc-Emi1 and various
35S-labeled F box proteins were incubated to-
gether in interphase (Inter) or mitotic (Mit)
Xenopus egg extracts in the presence of pro-
teasome inhibitor, immunoprecipitated with
the anti-Myc antibody on beads, and ana-
lyzed by SDS-PAGE and autoradiography.
(B) Wild-type hEmi1 but not the S145N or
S149N mutants binds to TrCP in mitotic Xen-
opus egg extracts. Binding of 35S-labeled
TrCP to various unlabeled IVT Myc-Emi1
variants (wild-type [wt], S145N/S149N [5/9],
S145N [5], S149N [9], 5P [P], or no protein
[]), was assayed in mitotic or interphase ex-
tracts versus no extract (none) as described
in (A). Samples were analyzed by autoradiog-
raphy for 35S-labeled TrCP (upper panel) and
immunoblotting for Myc-Emi1 (lower panel).
(C) TrCP recognizes a low-mobility form of
Emi1. 293T cells treated with nocodazole
were transfected with HA-TrCP (or empty
vector) and Myc-Emi1. Lysates were directly
probed with Myc antibodies (WB) or immuno-
precipitated with HA antibodies prior to West-
ern blotting with Myc antibodies (IP).
(D) TrCP binds endogenous Emi1 in nocodazole-arrested cells/early mitosis. 293T cells were transfected with Myc-TrCP or Myc-TrCPF
(missing the F box) expression vectors or empty vector and incubated without or with nocodazole for 18 hr. Lysates were immunoprecipitated
with anti-Myc antibodies and probed with either anti-Emi1 antibodies (top panel) or anti-Myc antibodies (lower panel).
in early mitosis is observed in cells treated with the we used small interfering RNAs (siRNAs) to inactivate
the endogenous TrCP. Treatment of HeLa cells withproteasome inhibitor MG132 (data not shown). We fur-
ther predict that the wild-type and TrCP-resistant Emi1 siRNA duplexes capable of inactivating both TrCP1
and TrCP2 caused an accumulation of hEmi1 proteinprotein would only slightly alter the levels of APC sub-
strates in asynchronous cells (mostly by causing cells levels in nocodazole-treated cells (Figure 3E, compare
lanes 6 to 4) but not in untreated cells (compare lanesto accumulate in early mitosis), but have stronger effects
in nocodazole-arrested mitotic cells, and that TrCP- 3 to 1). Due to a lack of antibodies suitable for TrCP
immunoblotting, we could not directly examine the ef-resistant Emi1 would not be intrinsically more efficient
for stabilizing APC substrates, but would only persist fect of the siRNA treatment on TrCP levels. However,
as a marker of TrCP inactivation, we did observe alonger into mitosis.
Validating this model, we found that the nondestructi- strong accumulation of the known TrCP substrate
-catenin in both untreated and nocodazole-arrestedble hEmi1-S145N/S149N mutant was similar in its ability
to inhibit the APC compared to the wild-type protein cells (Figure 3E, middle panel).
(Figure 3C). Notably, the levels of cyclin A and securin
were increased in the presence of hEmi-wild-type or the A Two-Step Mechanism for Emi1 Degradation: Cdk
Phosphorylation Triggers the DSGxxSS145N/S149N mutant, but so too were the levels of the
Aurora-A kinase (Figure 3C, compare lanes 2 and 3 to Motif-Dependent Binding of TrCP
To understand how Emi1 destruction is triggered in early1, and lanes 5 and 6 to 4). Stabilization of cyclin A was
much better detected when cells were treated with no- mitosis, we examined the phosphorylation events that
regulate Emi1 binding to TrCP. We took advantage ofcodazole, which provokes a reduction in the levels of
cyclin A (compare lanes 4 and 1). As a control, actin the ability of the N4 fragment to be destroyed with the
same requirements as the Emi1 full-length molecule orlevels were unchanged. To further confirm that the effect
of the nondestructible mutant of Emi1 indeed functions N-terminal fragment (Figure 1B). N4 contains in addition
to the DSGxxS motif just one Cdk site at serine 182. Inthrough the APC, we have made a double mutant with
both the S145N/S149N stabilizing mutation and a muta- a degradation assay, we found that mutation of Ser182
in N4 (N4-S182A) increases the half-life of the fragmenttion in the zinc binding region of Emi1, which is required
for APC inhibition (Emi1-5/9-C401S). This double mutant from less than 15 to 25 min, whereas N4-S145N/S149N
is stabilized with a half-life of longer than 60 min (Figurefailed to induce securin accumulation (Figure 3D, com-
pare lanes 6 and 7 to 1) in contrast to Emi1-wild-type 4B, degradation panel). Similar results are seen with the
full-length Emi1 protein mutated either on its DSG site or(lanes 2 and 3) or Emi1-S145N/S149N (lanes 4 and 5).
Consequences of APC substrate stabilization are dis- on its five Cdk phosphorylation sites (Figure 1D and 1E).
To determine the relative rates of Emi1 phosphoryla-cussed below.
As a final test of whether TrCP controls Emi1 levels, tion and TrCP binding, labeled Myc-tagged Emi1 N4
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Figure 3. The SCFTrCP Complex Controls hEmi1 Stability
(A and B) TrCP regulates the levels of Emi1. Overexpression of TrCP causes endogenous Emi1 (A) and exogenous Emi1 (B) to be destroyed
and overexpression of TrCPF stabilizes both forms of Emi1.
(A) 293T cells were cotransfected with GFP and either HA-TrCP and HA-TrCPF expression vectors or empty vector (1:20 ratio). GFP-
positive cells were immunoblotted for HA-tagged proteins and Emi1 protein, and GFP-negative cells for Emi1 protein.
(B) 293T cells were cotransfected with HA-tagged Emi1 protein (or HA alone) and Myc-tagged TrCP or TrCPF proteins (or Myc alone) as
indicated. Western blots of cell lysates were directly probed with anti-HA antibodies (upper panel) or lysates immunoprecipitated with anti-
Myc antibodies, and blots were probed with anti-Myc antibodies (lower panel).
(C) Emi1-S145N/S149N is stabilized in early mitosis, compared to wild-type Emi1, and both stabilize APC substrates. 293T cells were transfected
with expression vectors encoding Myc-Emi1 (wt) or Myc-Emi1-S145N/S149N (5/9) expression vectors or empty vector (). Transfected cells
were either treated with nocodazole or mock treated and immunoblotted for Myc-Emi1 or for the indicated proteins. Actin was used as a
loading control.
(D) Emi1 mutated on both its TrCP binding site and ZBR region failed to induce securin stabilization. 293T cells were transfected with 1 or
2 g of Myc-Emi1 or Myc-Emi1-S145N/S149N or Myc-Emi1-S145N/S149N-C401S expression vectors or empty vector. Transfected cells were
treated with nocodazole and immunoblotted for the indicated proteins.
(E) Inactivation of TrCP by siRNA causes an increase in the levels of Emi1. HeLa cells were transfected with control siRNA or siRNA duplexes
specific for hEmi1 or TrCP. After 24 hr, cells were incubated in nocodazole and harvested, and lysates were immunoblotted for Emi1,
-catenin, and actin.
fragments—wild-type or S182A mutant—were incu- wild-type N4 fragment (Figure 4A, top panel, arrows),
more obvious on the enlarged insert, but not seen whenbated for varying times with IVT TrCP, and TrCP-
Emi1 binding was tested using the anti-Myc antibody the Ser182 Cdk site is mutated (Figure 4A, middle panel).
The steady-state accumulation of the shifted form seenfor immunoprecipitation (Figure 4A). Similar to the ef-
fects on the rates of degradation, binding of TrCP to in the wild-type N4 fragment is limited because of the
continued destruction of this form. Several lines of evi-the N4 fragment is about three times more efficient than
binding of TrCP to N4-S182P (Figures 4A, top and mid- dence support that this mobility shift is due to phosphor-
ylation on serine 182. First, a similar shift can be seendle; Figure 4B, binding panel). No binding is seen with
the N4-S145N/S149N mutant (Figure 4A, bottom panel). in the stable N5 fragment (see Figure 1B), whereas this
shift is lost after mutation of Ser182 in this fragmentThe stabilized N4-S145N/S149N fragment strongly ac-
cumulates a lower mobility form (Figure 4A, bottom (Figure 4C). Second, the appearance of the upper form in
the N4 fragment is inhibited by Cdk inhibitors, includingpanel). The same form is slightly accumulated in the
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Figure 4. Cdk Phosphorylation of Emi1 Triggers the Ser145-Ser149-Dependent Binding of TrCP
(A and B) Phosphorylation on S182 by a Cdk kinase is a potentially rate-limiting step for TrCP binding to the TrCP phospho-epitope on
Emi1. 35S-labeled TrCP and wild-type (wt), and S182A or S145N/S149N Myc-tagged Emi1 N4 fragments, were mixed together in interphase
(Inter) or mitotic Xenopus extracts for the indicated times (0–60 min), incubated with the Myc antibody and protein A-Sepharose beads, and
analyzed by SDS-PAGE and autoradiography. The IVT lane represents 5% of the input used in the binding assay. An enlarged insert enables
better visualization of the shift due to Cdk phosphorylation.
(B) Correlation between Emi1 degradation, Emi1/TrCP binding, and Emi1 phosphorylation. The efficiency of the binding between TrCP and
wt, and S182A or S145N/S149N Emi1 N4 fragments has been deduced from scanning of TrCP in (A) by phosphoimager. One hundred percent
of binding corresponds to the best efficiency of binding between TrCP and N4-wt. The phosphorylation shift indicated in (A) with an arrow
has also been quantitated (bottom graph).
(C) Mutation of the Cdk site in the N5 fragment (Ser182) abolishes the appearance of the upper shift seen under N5 destruction. 35S-labeled
N5 fragments were added to mitotic extracts and assayed for stability as in Figure 1.
(D and E) Emi1 destruction precedes cyclin A destruction at the onset of mitosis. 35S-labeled cyclin A, Emi1, or cyclin B and the cyclinB-90
protein were added to Xenopus eggs extracts at time point 0. Aliquots were removed at indicated times, resolved by SDS-PAGE and
autoradiography, or submitted to immunoblotting for the detection of Cdc27 or Cdc25.
(E) The gel shown in (D) was quantitated by phosphoimager.
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roscovitine and alsterpaullone, and stabilized by the Failure to Destroy Emi1 Causes a Prometaphase
Block, Followed by Mitotic Catastrophe Leadingphosphatase inhibitor and mitosis-accelerating drug
to the Appearance of Supernumeraryokadaic acid (data not shown). By quantifying the kinet-
Centrosomes and Binucleate Cellsics of accumulation of these phosphorylated forms, we
As we will discuss below, vertebrate TrCP and its or-found that the rate of phosphorylation on Ser182 in the
thologs Drosophila Slimb and C. elegans lin23 appearDSGxxS mutated protein is not reduced relative to the
to have a conserved role in controlling mitosis becausewild-type protein, suggesting that phosphorylation on
deficiencies in these genes cause a mitotic arrest inthe Cdk site does not require phosphorylation on the
both organisms. To determine whether Emi1 was a cen-DSGxxS motif (Figure 4B, phosphorylation panel). In ad-
tral target mediating a mitotic requirement for TrCP,dition, the appearance of the phosphorylated form in
we tested whether expression of the TrCP-resistantwild-type N4 at 0–20 min closely parallels the binding
S145N/S149N Emi1 mutant caused a mitotic arrest inof the N4 fragment to TrCP. The binding of TrCP
cultured mammalian cells. When wild-type hEmi1 or theslightly anticipates the destruction of Emi1. Together,
C-terminal fragment of hEmi1 was expressed in HCT116these data support the hypothesis that in the N4 frag-
cells, 10% of cells accumulated in mitosis at 48 hr (Figurement, phosphorylation on Ser182 is a rate-limiting step
5B). Mock transfected cells showed an1%–2% mitoticfor DSGxxS-dependent TrCP binding, which in turn
index. However, a much stronger effect was observedpromotes Emi1 degradation. Additional kinetic experi-
with hEmi1-S145N/S149N (Figures 5A and 5B). At least
ments show similar results with full-length Emi1 as that
50% of cells transfected with Myc-hEmi1-S145N/S149N
seen with the N4 fragment. We hypothesize that several
are arrested in mitosis. DNA and spindle morphology,
or all of the other Cdk phosphorylation sites in the full- judged respectively by Hoechst and -tubulin staining,
length molecule may behave similarly to the single Cdk revealed that these cells accumulated predominantly in
site in the N4 mutant to control the rate of Emi1 destruc- prometaphase (Figure 5A). Neither hEmi1 lacking the
tion. We do not yet know whether cyclin B/Cdc2 is the entire Zn2 binding region, necessary to inhibit APC ac-
Cdk kinase in vivo; however, Emi1 is an efficient in vitro tivity, nor the zinc binding-deficient C401S mutant
cyclin B/cdc2 substrate and the N terminus of Emi1 has showed a measurable increase in mitotic index (Fig-
been found to interact with cyclin B1 and cyclin B2 in ure 5B).
a two-hybrid screen (Reimann et al., 2001a). Specific mitotic events occurring before APC acti-
vation including chromatin condensation, centrosome
separation, nuclear envelope breakdown, and spindle
Emi1 Destruction Precedes Cyclin A Destruction formation could be under the control of Emi1 because
at the Onset of Mitosis Emi1 stabilizes APC substrates controlling these pro-
The ability of cyclin/Cdc2 activation to trigger Emi1 de- cesses before it is inactivated and destroyed. Therefore,
struction and for Emi1 destruction to allow APC activa- we investigated the effect of Emi1 mutant expression
tion suggests these sequential events are tightly linked. on spindle morphology. Expression of the S145N/S149N
To examine the timing of APC activation following mi- mutant resulted in a number of spindle abnormalities,
totic entry (Figures 4D and 4E), we added nondestructi- including the formation of monopolar (Figure 5A, yellow
arrows; Figure 5C, top panel) and tripolar spindles (Fig-ble cyclin B to interphase Xenopus egg extracts to cause
ures 5C, middle and bottom panels). The percentage ofmitotic entry and examined the detailed kinetics of cyclin
mitotic cells with multipolar spindles was close to 50%B/Cdc2 activation (using Cdc25 phosphorylation as a
for nondestructible Emi1, whereas it was25% for wild-marker), Emi1 destruction, APC activation (using Cdc27
type hEmi1. In addition, we hypothesized that overex-phosphorylation as a marker), and APC activity (by ex-
pression of hEmi1 could affect chromosome condensa-amining cyclin A and cyclin B destruction). Cdc27 phos-
tion and chromosome segregation through cyclin A andphorylation has been shown to be important for maximal
securin stabilization, respectively (see Discussion). In-activation of the APC (Kramer et al., 2000). We observed
deed, we observed that overexpression of hEmi1-S145N/that complete Cdc25 phosphorylation occurs rapidly
S149N has resulted in chromosome overcondensationbetween 5 and 10 min. This abrupt shift is coincident
(Figure 5D) and, for those cells that progress beyondwith H1 kinase activation and initiates a period of nuclear
prometaphase, chromosome missegregation (Figure 5E).envelope breakdown in the following 5–10 min (Georgi
For each of these phenotypes, the S145N/S149N mu-et al., 2002; data not shown). Emi1 destruction begins
tation enhances the mitotic defects seen with the wild-
almost immediately by 5–10 min. The appearance of the
type protein, likely due to the persistence of Emi1 longer
phosphorylated Cdc27 closely parallels the inactivation into mitosis, rather than overexpression. Indeed, we see
of Emi1, consistent with the idea that Emi1 inactivation consistent mitotic effects when Emi1 is expressed at
is essential, but also possibly rate determining, for APC lower levels in a retroviral vector. Further, even modest
activation. Destruction of cyclin A initiates 5–10 min later overexpression (2- to 3-fold over endogenous) of wild-
than Emi1 destruction begins, and closely parallels Emi1 type Emi1 causes significant effects on mitotic spindles
destruction with an 8 min lag. Cyclin B destruction in 10% of cells. This level of overexpression is less
begins 10 min later than cyclin A destruction and than the 5- to 8-fold overexpression seen in many tumors
roughly parallels cyclin A destruction with a 10–15 min (see Discussion).
lag. Thus, Emi1, whose destruction is tightly linked to We previously have shown that Emi1 localizes at the
Cdc2 activation and nuclear envelope breakdown, be- spindle poles as cells enter mitosis (Hsu et al., 2002).
comes destroyed in late prophase, paralleling APC acti- Because Slimb, the Drosophila TrCP homolog, is re-
quired to restrict centrosome duplication during the cellvation and cyclin A destruction.
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Figure 5. Expression of Nondestructible Emi1 Causes an Early Mitotic Arrest, Chromosome Overcondensation and Missegregation, and
Spindle and Centrosomal Aberrations
(A) hEmi1 overexpression induces a prometaphase-like block. HCT116 cells transfected with Myc-tagged hEmi1-S145N/S149N were fixed
and stained with primary antibodies to Myc and -tubulin. Hoechst dye was used for visualizing DNA. The yellow arrows point out monopolar
spindles.
(B) Fifty percent of the cells expressing hEmi1-S145N/S149N are arrested in prometaphase. Cells transfected with wild-type hEmi1 or different
Emi1 mutants, Emi1-S145N/S149N, Emi1-C401S, Emi1-delZBR (deleted from the zinc binding region), and Emi1-CT were treated as in (A). In
each case, mitotic state has been determined under the microscope for 200 transfected cells and the proportion of transfected cells in
prophase, prometaphase, metaphase, anaphase, and telophase was calculated.
(C–E) hEmi1 overexpression causes monopolar and tripolar spindles (C), chromosome overcondensation (D), and chromosome missegregation
(E). HCT116 cells were transfected by Emi1-S145N/S149N and treated as in (A). Transfected cells were selected with the Myc antibody (panel
not shown).
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Figure 6. Nondestructible Emi1 Causes a
Prolonged Delay in Mitotic Exit
(A) Overexpression of nondestructible Emi1
results in aberrant mitotic spindles and a pro-
longed mitosis. LLCPK cells, which stably ex-
press GFP--tubulin and transiently express
Myc-Emi1-S145N/S149N, were filmed for 24
hr. Still frames corresponding to specific time
points are shown. The yellow arrow points
out the tiny bridge between the two cells that
fail to undergo cytokinesis after 13 hr. The
diagram depicted above the frames illustrates
the moving of the centrosomes (red dots) after
nuclear envelope breakdown (NEBD; C, cyto-
plasm; N, nucleus). A third centrosome ap-
pears at time point 8 hr.
(B) Still frames from a film showing normal
mitosis. The cells presented in (A) were tran-
siently transfected with the Myc empty vec-
tor. The time from centrosome separation to
cytokinesis is less than 2 hr.
(C) The length of mitosis correlates with the
appearance of additional spindle poles. The
table recapitulates the results from three in-
dependent experiments performed as in (A),
where 9, 7, and 11 cells (N is the total number
of cells for each experiment) were filmed.
Cells have been subdivided in two groups:
cells with two spindle poles (N-2SP) and cells
with three or more spindle poles (N-3SP).
The average time for the completion of mito-
sis is indicated for each group (tmitosis). As
a control, seven cells transfected with the
pCS2 vector were filmed. These control cells
have two spindle poles.
cycle (Wojcik et al., 2000), we questioned whether a (Figure 3D) undergo a normal mitosis (an example of
metaphase is shown in Figure 5F).similar effect could be achieved by blocking TrCP-
dependent Emi1 degradation in human HCT116 cells. Recent evidence (Meraldi et al., 2002) has demon-
strated that overexpression of Aurora-A caused a blockLooking at centrosomes by immunofluorescence using
	-tubulin (Figure 5F, panel a) or Aurora-A antibodies to cytokinesis leading to centrosome overduplication
and binucleate tetraploid cells, and may contribute an(Figure 5F, panel b), we found that the nondestructible
hEmi1-S145N/S149N mutant caused the appearance of important mechanism for genomic instability in many
tumors. Because Aurora-A is stabilized in cells express-supernumerary centrosomes. As a control, we showed
that cells transfected with the Emi1-5/9-C401S mutant ing nondestructible Emi1 or wild-type Emi1 (Figure 3C),
(F) hEmi1 overexpression induces the appearance of supernumerary centrosomes. Cells were treated as in (A) but stained with primary
antibodies to 	-tubulin (a) or Aurora-A (b). The anti-Myc staining (panels d and e) enables us to see a large proportion of binucleate cells. At
least five centrosomes (yellow arrows) are seen in the binucleate cell shown in (d). As a control, cells transfected with the S145N/S149N-C401S
double mutant undergo a normal mitosis with a bipolar spindle (an example of metaphase is shown in [c]).
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Figure 7. Emi1 in Mitosis and Cell Division
A proposed mechanism for the role of Emi1 destruction in early mitotic progression.
we examined whether cells became binucleate and destruction in early mitosis requires the SCFTrCP ubiqui-
tin ligase complex. Binding of TrCP to Emi1 in latewhether such cells had excess centrosomes. Five to
14% of Emi1-positive cells showed a binucleate pheno- prophase requires a DSGxxS consensus phosphoryla-
tion motif, similar to the DSGxxS binding motifs seen intype including several examples of binucleate cells with
multiple centrosomes (Figure 5F, panel d), whereas -catenin and IB, other known TrCP targets (Margot-
tin et al., 1998; Winston et al., 1999; Yaron et al., 1998).these phenotypes are not appreciably seen in control
cells. In the binucleate cells, as well as in mononucleate In addition, we find that efficient binding of TrCP to
Emi1 requires phosphorylation of Emi1 on Cdk phos-cells, Myc-Emi1 is seen in the cytoplasm (Figure 5F,
panel d) or in the nucleus (Figure 5F, panel e). phorylation sites. Based on kinetic analyses, we hypoth-
esize a two-step mechanism where the phosphorylationLive cell imaging studies of LLCPK cells expressing
a GFP--tubulin fusion protein enabled us to visualize of Emi1 by the Cdc2 kinase after the G2-M transition is
triggered by events closely linked to nuclear envelopethe progression of mitosis in an hEmi1-S145N/S149N
transfected cell (Figure 6A). Representative still frames breakdown and that the binding of TrCP to the DSGxxS
phosphorylation site follows rapidly thereafter (seeshow that expression of the stabilized Emi1 mutant re-
sults in prolongation of prometaphase and formation of model, Figure 7). We do not currently have an assay for
the phosphorylation of the DSGxxS site on Emi1, so wea tripolar spindle. After 13 hr of delayed mitosis, a tiny
bridge between the two daughter cells is still present, cannot formally separate whether this phosphorylation
is triggered by the Cdk phosphorylation or whetherwhereas a regular mitosis is completed in less than 1.5
hr (Figure 6B). From the filming of 27 cells (three indepen- phosphorylation on the DSGxxS site preexists and
TrCP binding is triggered by some other event. Bio-dent experiments), the average length of mitosis was
found to be 5.2 (
3.4) hr when hEmi1-S145N/S149N was chemical fractionation experiments suggest that
DSGxxS phosphorylation only occurs in mitotic extractstransfected (1.37 
 0.4 hr for the empty vector; Figure
6C). The length of mitosis appears to correlate with the (A.L., F.M.-G., and P.K.J., unpublished data), supporting
the first mechanism. The relevance of a two-step mecha-appearance of supernumerary centrosomes as an aver-
age length of 6.7 hr was measured when cells had three nism for the TrCP-dependent destruction of -catenin
has recently been described (Liu et al., 2002).or more spindle poles and 2.6 hr when cells had a bipolar
spindle. In many cases, cells fail to undergo cytokinesis, The importance of Emi1 destruction is shown by ex-
pression of nondestructible versions or overexpressionwhich correlates with the detection of a large proportion
of binucleate cells after transfection of the nondestructi- of wild-type Emi1 in mammalian cells, which cause a
strong prometaphase block. A similar phenotype canble mutant (Figure 5F, panels d and e).
be seen in a percentage of cells with TrCP inactivated,
notably in mouse embryo fibroblasts (MEFs) fromDiscussion
TrCP1 mouse knockouts (Guardavaccaro et al., 2003
[this issue of Developmental Cell]). These MEFs showEmi1 is required to restrain the anaphase promoting
complex in S and G2 phases to allow accumulation of increased levels of Emi1 in prometaphase, prolonged
mitoses, and aberrant centrosome numbers. TrCP1mitotic regulators including cyclins A and B. Following
activation of Cdc2 by mitotic cyclins, destruction of Emi1 knockout mice also show a meiosis I arrest in spermato-
cytes. We also found that inactivating TrCP by RNAreleases the APC to trigger cyclin A destruction and
initiate the ordered destruction of other APC substrates interference or by overexpression of a dominant-nega-
tive TrCP causes upregulation of Emi1 and a moderateincluding securin and cyclin B. We show here that Emi1
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percentage of cells showing similar mitotic phenotypes. APC substrates such as Nek2A (Hames et al., 2001).
Ultimately, we suspect the reduction in cyclin A levelsThe sufficiency of TrCP1 knockouts to elevate Emi1
levels, at least in some tissues, supports that TrCP1, removes a block to kinetochore maturation through re-
cruitment of outer kinetochore factors including CENP-Ea nuclear protein (Davis et al., 2002), may directly target
Emi1 destruction, but does not exclude a role for (F.M.-G. and P.K.J., unpublished results). Additional
mechanisms regulating chromosome congression, in-TrCP2, a cytoplasmic homolog. Both proteins bind
Emi1 efficiently (Figure 2A). cluding the destruction of chromokinesins (Funabiki and
Murray, 2000) or CENP-E (Brown et al., 1994), may alsoFollowing a prolonged prometaphase block caused
by expressing a nondestructible Emi1, we observe se- be restrained by Emi1. Once the cyclin A block is re-
moved, the matured kinetochore is now competent tovere mitotic catastrophe including chromosome over-
condensation, a failure of chromosome congression, the capture microtubules and promote chromosome con-
gression. At the same moment, the mature kinetochoregeneration of monopolar and multipolar spindles, chro-
mosome shearing and missegregation, and a block to becomes competent to activate the spindle checkpoint
and recruit Mad2 and BubR1 to inhibit Cdc20, therebycytokinesis. Eventually, these cells show numerical in-
creases in centrosome numbers, likely through over- preventing the destruction of securin and delaying ana-
phase. Before that time, it is possible that Emi1 mayduplication caused by the premature splitting of centro-
somes in mitosis, but possibly also by blocking prevent destruction of securin and cyclin B.
In early prophase, cells can reverse chromosome con-cytokinesis. Concurrent with these phenotypes, we see
varying degrees of stabilization of APC substrates, in- densation and return to G2, notably in response to DNA
damage (Rieder and Cole, 1998). In late prophase, aftercluding cyclin A, but also Nek2A (F.M.-G. and P.K.J.,
unpublished data). Even though the mitotic kinase Au- nuclear envelope breakdown, cells lose this early pro-
phase checkpoint. Because Emi1 destruction is tightlyrora-A is thought to be destroyed late in mitosis (Castro
et al., 2002; Littlepage and Ruderman, 2002), Emi1 over- linked to Cdc2 activation and nuclear envelope break-
down, Emi1 destruction may play a central role in anexpression increases Aurora-A levels. Even subtle in-
creases in the level of Aurora-A are sufficient to cause irreversible transition from early to late prophase and
this transition itself may be a checkpoint for commitmenta cytokinesis block and to generate cells with excess
centrosomes (Meraldi et al., 2002). to later events in mitosis.
Delaying APC Activation Following the Activation
TrCP/Slimb Control of Mitosis and Centrosome
of Cyclin B/Cdc2 at the G2-M Transition: Does Duplication through Emi1
Emi1 Function in a Late Prophase Checkpoint? In Drosophila, inactivation of the TrCP homolog Slimb
Emi1 is the factor likely to provide the delay between the causes a mitotic arrest with overcondensed chromatin
activation of Cdc2 and APC activation toward substrates and the production of excess centrosomes (Wojcik et
destroyed early in mitosis, notably cyclin A. By examin- al., 2000). This effect is likely to be independent of the
ing the detailed kinetics of Emi1 destruction and APC effects of Slimb mutations on the Wnt and hedgehog
activation, we find that the Emi1 destruction initiates8 signaling pathways that cause supernumerary limbs
min before the initiation of cyclin A destruction, close to (Jiang and Struhl, 1998). We predict that the appearance
the time of Cdc2 kinase activation and nuclear envelope of these mitotic and centrosomal defects in Drosophila
breakdown. We have previously shown that Emi1 is dis- Slimb mutants would require the presence of the Emi1
placed from Cdc20 in mitosis (Reimann et al., 2001a) and homolog Rca1. We have tested whether a similar pathway
that addition of Cdc20 protein to Xenopus egg extracts functions in mammalian cells and show that blocking the
blocks Emi1 destruction (J.D.R.R. and P.K.J., unpub- ability ofTrCP to cause Emi1 destruction—by the various
lished data). Thus, Emi1 may be displaced from Cdc20 perturbations described here—causes a similar mitotic
by mitotic phosphorylation, thereby freeing Cdc20 to arrest with overcondensed chromatin and leads to pro-
bind and activate the APC. Phosphorylation of APC sub- duction of excess centrosomes. The inactivation of
units including Cdc27 correlates with an increase in APC
TrCP1 in mice gives a similar mitotic phenotype in
activity (King et al., 1995) and appears to improve the sperm meiosis and in mouse embryo fibroblasts derived
affinity of the APC for the Cdc20 adaptor subunit (Kramer from these mice. Because deficiencies in lin23, the
et al., 2000). We find here that the timing of Emi1 destruc-
TrCP homolog in C. elegans (Kipreos et al., 2000), also
tion correlates tightly with the activation of APC phos- arrest in mitosis with chromosome overcondensation,
phorylation and APC activation (Figure 4D). Thus, we it is interesting to consider whether an Emi1 homolog
propose the following model for activation of the APC or another mitotic TrCP target exists in worms.
(Figure 7). Following activation of Cdc2, Emi1 is phos-
phorylated by active Cdc2 kinase, which may trigger its
dissociation from Cdc20 and possibly from other Emi1- A Role for Emi1 in Genomic Stability and Tumor
Progression in Human Cancersinteracting proteins. The dissociation of Cdc2-phos-
phorylated Emi1 then facilitates the phosphorylation on The importance of Emi1 for the timing and fidelity of
mitotic progression and its possible participation in anserines 145/149 of the DSGxxS site, the binding of
TrCP, and Emi1 destruction. The dissociation and de- early mitotic checkpoint demonstrate a likely role for
Emi1 in genomic stability and possibly tumor progres-struction of Emi1 frees Cdc20 to associate with the mi-
totically phosphorylated APC, which has enhanced sion. Genetic evidence for Emi1 in human tumors is
suggested by its coupling to the known Rb/E2F tumoraffinity for Cdc20, and to trigger APC-dependent de-
struction of cyclin A globally, and quite likely other early suppressor pathway (Hsu et al., 2002) and as we show
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Binding and Stability Assays in Cellshere coupling to SCFTrCP-dependent destruction. Physi-
293T cells were transfected with pcDNA3-TrCP-Myc or pcDNA3-cal evidence for misregulation of Emi1 in tumors has
TrCPF-Myc using Fugene6 (Roche) and were harvested after 48been previously shown at the mRNA level in 30%–40%
hr, resuspended in TENN1 buffer, and immunoprecipitated as de-
of assayed tumors (n 250) of the breast, ovary, uterus, scribed above. Immunoprecipitates were analyzed by immunoblot-
colon, and lung (Hsu et al., 2002). Extensive additional ting with rabbit polyclonal anti-Emi1 antibodies (Hsu et al., 2002)
for Emi1 detection and Myc antibodies for TrCP. For nocodazoleevidence for dramatic overexpression of Emi1 by histo-
block, cells were treated with nocodazole 24 hr after the transfec-logical examination of immunoperoxidase-stained tu-
tion, and collected by mitotic shakeoff 18 hr later. To assess TrCPmor tissues (over 2000 tumors) shows that Emi1 is
effects on Emi1 levels, 293T cells were cotransfected with pCS2-upregulated in a wide variety of human malignancies (N.
HA-TrCP or pCS2-HA-TrCPF and pCS2-eGFP-C1. Cells were
Lehman, J.Y.H., and P.K.J., unpublished data). Finally, harvested 48 hr after transfection and sorted into GFP and GFP
a mechanism for how Emi1 may contribute to genomic populations by flow cytometry. Cell lysates were analyzed by West-
ern blot and probed with the rabbit polyclonal antibody for Emi1instability is suggested by our studies here. Overexpres-
and with a rat anti-HA antibody for TrCP. TrCP effect on exoge-sion of Emi1 in transfected cells stabilizes not only
nous Emi1 levels was analyzed after transfection of pCS2-HA-Emi1Cdc20 substrates like cyclin A, Nek2, securin, and cyclin
and pcDNA3-TrCP-Myc or pcDNA3-TrCPF-Myc into 293T cells.B but also some Cdh1 substrates including Aurora-A.
Stabilization of APC substrates in cells was analyzed in cells trans-
Overexpression of several of these mitotic regulators fected with pCS2-Myc-Emi1 (wild-type or mutant). Antibodies used
including Aurora-A (Meraldi et al., 2002), cyclin A (Balc- were: cyclin A (H-432, Santa Cruz), cyclin B (H-433, Santa Cruz),
securin (mouse, Zymed), Plk (mouse, Zymed), -catenin (rabbit,zon, 2001), Plk1 (Mundt et al., 1997; Smits et al., 2000),
Sigma), actin (I-19, Santa Cruz), and monoclonal anti-Aurora (C.and securin, can clearly contribute to mitotic misregula-
Prigent).tion. Securin has been shown to be required for chromo-
some stability (Jallepalli et al., 2001) and can function
Immunofluorescence
as an oncogene when overexpressed (Pei and Melmed, Immunofluorescence procedures were as described (Hsu et al.,
1997). Emi1 overexpression can mimic several of the 2002). Primary antibodies were mouse anti-Myc (1/100), rat anti-
phenotypes seen with Aurora-A or Plk1 overexpression. -tubulin (1/150, Serotec), mouse anti-	-tubulin (1/600, Sigma), or
mouse anti-Aurora (C. Prigent; 1/100).In addition, we have previously shown that Emi1 overex-
pression can drive cyclin A accumulation and increase
RNA Interference in Mammalian CellsS phase fraction (Hsu et al., 2002). Together, our results
siRNAs duplexes (Dharmacon) for hEmi1 (nt 567–589) were de-suggest that upregulation of Emi1 by E2F-dependent
scribed (Hsu et al., 2002). M. Davis and Y. Ben-Neriah (Hebrew
transcription can drive cells through S phase, but loss University, Israel) provided the TrCP1/2 siRNA duplex (5-AA GTG
of TrCP-dependent destruction would cause a failure GAA TTT GTG GAA CAT C-3). A GFP-negative control was as de-
to destroy Emi1 in a timely fashion and thereby cause scribed (Hsu et al., 2002) and RNA interference was performed as
described (Elbashir et al., 2001).an error-prone mitosis. A combination of these defects
would make Emi1 misregulation especially deleterious in
Live Cell Imaginglater stages of tumor progression. Thus, a careful balance
LLCPK pig kidney cells stably expressing GFP--tubulin (P. Wads-of Emi1’s S phase promoting activity and mitotic regula-
worth) were grown in chambered cover glasses and were cotrans-
tory roles—accomplished through E2F andTrCP—may fected with pCFP-N3 and either pCS2-Myc6 or pCS2-Myc5-hEmi1-
be a critical determinant of genome stability. S145N/S149N. One day posttransfection, cells were filmed on a
motorized stage for 24 hr, taking frames every 20 min. Cells were
imaged with the kind help of Dennis Ko and Matt Scott, as described
Experimental Procedures (Ko et al., 2001). Stacks of time-lapse images were analyzed using
MetaMorph and processed in Adobe Premiere, and still frames were
Plasmids produced in Adobe Photoshop.
Emi1 inserts were subcloned into pCS2-Myc5 and/or pCS2-HA3.
Site-directed mutagenesis was done by standard methods. The
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